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The absorption constant of germanium beyond the first direct absorption edge has been determined up to energies of 2.5 eV by transmission measurements on very thin samples prepared from bulk single crystals. The results are discussed in terms of recent band structure calculations and previous reflection measurements. At low temperatures the observed structure gives evidence for exciton formation connected with direct transitions at a saddle point in the energy difference between conduction and valence bands.
The measurement of the optical constants at energies beyond the fundamental absorption edge is a very useful tool in determining the electronic band structure of semiconductors and insulators 1 . In detailed band calculations 2 ' 3 a few potential parameters are left adjustable in order to fit experimental values of vertical energy distances between valence and conduction band at certain points of high symmetry in A;-space deduced from experiments. These calculations then in turn give the joint density of states of valence and conduction bands as a function of the vertical energy difference between both sets of bands. The joint density of states, on the other hand, is the essential factor determining the imagi- 
Sample Preparation and Measurements
Slices of 1 mm thickness have been cut, cleaned and annealed in vacuum at 850 °C for two hours. The grinding and polishing (A1203, grain size 0.05 ju) of one side was followed by another annealing treatment under the same conditions. Subsequently, the polished side of the sample was glued with a very thin layer of glycol phtalate of uniform thickness onto a plane parallel optically flat glass plate. Thus it was possible to get samples of highly uniform thickness of 3 to 10 microns by grinding and subsequent polishing. After dissolving the glue in acetone (24 hours at room temperature) the self supporting samples were brought onto quartz plates and etched in a 1 : 1 mixture of HF and HN03 in steps of a few seconds. A rough check on the thickness could be made by visual observation under a microscope. Below one micron thickness red light starts being transmitted and the etching treatment can be stopped at a desirable thickness.
This procedure provided us with samples of sufficient area for optical measurements and thicknesses of a few thousand Ä. It should be noted that the preparation of the samples could be performed only from crystals with very low dislocation density. The structure of a thin sample was tested by electron transmission microscopy. The appearance of KIKUCHI lines in the diffraction patterns in Fig. 1 * implies that the sample is of nearly perfect crystallinity. The optical transmission measurements were performed with a Zeiss PMQ II double prism spectrometer. Its low scattered light level in connection with an intense source (0 s r a m xenon arc XBO 450) and the use of gray filters when measuring the incident intensity made it possible to measure transmissions of less than one part in 10 5 .
* Fig. 1 Phys. Rev. 129, 69 [1963] . At 77 K the edge is shifted to higher photon energies and an absorption peak arises on top of it. This is shown in Fig. 3 in form of the absorption constant calculated from the measured transmission and the E(eV) Fig. 3 . Absorption constant of germanium at 300 C K and 77 °K.
known reflectivity data 4 ' 9 ' 11 taking into account multiple reflection inside of the sample. The half width of this peak is about 0.03 eV. The existence of the peak is in contrast to the measurements on evaporated epitaxial films, where no such structure could be seen 6 . This must be due to the poor crystallinity of the films and strain effects. It should be noted that in our measurements also at low temperatures the sample is essentially strain free; it is attached to a quartz plate with a tiny dot of glue at one corner.
It seems worth emphasizing that the peak has also not been found in the analysis of all previous reflectance data. However, the present results re- The edge itself is shifted without altering its shape in the range from 1.6 to 2.0 eV with a temperature coefficient of -(4.4 ± 0.3) x 10~4 eV/ c K. At 20 °K the edge is again slightly shifted to higher energies, however, the peak is not further sharpened. The splitting of the peak due to spin-orbit interaction is 0.18 eV in agreement with previous measurements 6 -9 -u .
Discussion
The band structure of germanium was first calculated by HERMAN 12 with the OPW method. This calculation gave information on the energy levels at some symmetry points in Zr-space. Based on this work the doublet structure at 2.15 -2.35 eV was assigned to L3' -L1 transitions 10 . Recently the pseudopotential method as a scheme to interpolate between the levels at the different symmetry points demonstrated the existence of different VAN HOVE 13 13 L. VAN HOVE, Phys. Rev. 89, 1189 [1953 . According to the present results, the situation could be given in germanium and would explain an additional threshold in e2 but not a sharp decrease at energies 0.03 eV higher than the threshold.
Another possibility is interference with a nearby M3 edge, that is, a relative maximum in Ecv. The detailed band structure calculations 2 , however, do not give any evidence for this.
Moreover, the fact that these cusps connected with the --lj transitions have been found in many materials and now also in germanium favors the exciton picture, an accidental energy coincidence in all these semiconductors would be very unlikely.
It should be considered that we are not dealing with 
